UCRL- 93363

CIRCULATION coPY PREPRINT

SUBJECT TO RecaLL
IN TWO WEEKS

THE RESPONSE OF THE CONTINENTAL
CRUST-MANTLE BOUNDARY OBSERVED
ON BROADBAND TELESEISMIC
RECEIVER FUNCTIONS.

Thomas J. Owens
George Zandt

THIS PAPER WAS PREPARED FOR SUBMITTAL TO
E GEOPHYSICAL RESEARCH LETTERS

September 1985

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the
understanding that it will not be cited or reproduced without the permission of the
author.


Important Information
Published in  Geophysical Research Letters,  Volume 12, Number 10, pages 705-708.  Copyright 1985 American Geophysical Union.  Further electronic distribution is not allowed.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Governmeat nor the
University of California nor any of their employees, makes any warvanty, ex-
press or implied, or assumes any legal liability or responsibility for the ac-
curacy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial products, process, or service
by trade name, trademark, manufacturer, or otherwise, does not mecessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United
States Government thereof, and shall not be used for advertising or product en-
dorsement purposes.



THE RESPONSE OF THE CONTINENTAL CRUST-MANTLE BOUNDARY OBSERVED ON BROADBAND
TELESEISMIC RECEIVER FUNCTIONS

Thomas J. Owens
Department of Geology, University of Missouri-Columbia
George Zandt

Department of Geolegical Sciences, SUNY-Binghamton






THE RESPONSE OF THE CONTINENTAL CRUST-MANTLE BOUNDARY OBSERVED ON BROADBAND
TELESEISMIC RECEIVER FUNCTIONS

Thomas J. Owens

Department of Geology, University of Missouri-Columbia
George Zandt
Department of Geological Sciences, SUNY-Binghamton

Abstract. Broadband receiver functions
derived from teleseismic P-waveforms recorded on
Regional Seismic Test Network (RSTN) stations in
Eastern North America contain detalled informa-
tion about the crust-mantle boundary. This paper
examines receiver functions from three stations
(RSCP, RSNY, and RSON) to illustrate the varia-
bility in response of the continental 'Moho'" and
to demonstrate the utility of broadband data in
studying these variations. Of particular inter-
est Is the clear evidence for frequency-depend-
ence of the amplitudes of converted phases arriv-
ing from the crust-mantle boundary. The shear
velocity structures for these stations obtained
by inverting the radial component of the receiver
functions in the time domain indicate that this
frequency-dependence is a measure of the
"sharpness'" of the crust-mantle boundary region.

Introduction

Probing the structure of the continental
crust-mantle boundary (CMB) has traditionally
involved the seismic refraction techmnique.
Although the CMB has often been pictured as a
first-order velocity discontinuity, the "Moho",
recent investigations find this model to be the
exception rather than the rule (e.g. Prodehl,
1977; Prodehl et al., 1984; Deichmann and
Ansorge, 1983). Although there is no precise
seismological definition of the CMB, we are using
the transition from shear velocities of about 3.7
km/s to about 4.6 km/s as a working definition.
The prevailing view of this important boundary is
that of a transition zone varying in thickness
from only one or two to more than 15 km in some
reglons. These results from refraction data are
consistent with models obtained from deep crustal
reflection profiles which account for the discon-
tinuous nature of Moho reflections with laminated
transition zones (e.g. Hale and Thompson, 1982;
Oliver et al., 1983). The purpose of this paper
is to examine the response of the continental CMB
on a different type of seismic data, teleseismic



receiver functions. We compare models of the CMB
derived from our data with those of other studies
to demonstrate some interesting similarities as
well as the variability of CMB responses observed
in teleseismic receiver functions. We also
follow the lead of Hale and Thompson (1982) and
present a synthetic receiver function for the
Ivrea-Verbano zone to illustrate one possible
response for a geologically realistic CMB model.
We conclude from this comparison that the
analysis of teleseismic receiver functions is a
potentially useful method of delineating the
structure of the continental CMB that provides
complimentary information to that obtained
through other seismic methods.

Broadband Recelver Function Analysis

Teleseismic body waveforms have often been
used to infer crustal structure beneath isolated
seismic stations (see for a review, Owens et al.,
1984). Recently, we refined and extended these
techniques to take advantage of the new digital
broadband seismograph stations in order to exam-
ine the detailed crustal and upper mantle struc-
ture beneath these sites (Owens, 1984a,b; Owens
et al., 1984). To utilize teleseismic P-wave-
forms, we must isolate the response of the crust
and upper mantle velocity structure, the receiver
function, from source and path effects which also
influence the recorded seismogram. Because we
are primarily interested in converted waves of
the P-to-S type, the horizontal components of the
receiver function are isolated using a deconvolu-
tion procedure suggested by Langston (1979) and
examined in detail by Owens (1984a). In this
process, source effects are removed by deconvol-
ving the vertical component from rotated radial
and tangential components. The results are then
conveolved with a simple gaussian time function to
produce smooth estimates of the horizontal recei-
ver functions. At this point, receiver function
estimates from events clustered in both distance
and back azimuth from a station are stacked to
provide a single good quality estimate for each
of the horizontal components.

The detailed receiver functions obtained from
broadband data are modeled using a time-domain
inversion routine. We assume a horizontally lay-
ered model and invert the radial receiver func-
tion for the vertical shear velocity structure at
each back azimuth. The variation in the results
with azimuth are indicative of gross lateral var-
iations in structure around the station. This



method has provided strong evidence for tecton-
ically significant velocity variations around two
RSTN stations (Owens, 19B4b; Owens et al., 1984).

In this study, we use the broadband receiver
functions to examine arrivals from the CMB recor-
ded on the midperiod passband of RSTN stations
RSCP, RSNY, and RSON (Figure 1). The midperiod
passband is flat to velocity from 0.018 to about
1.2 Hz. By varying the frequency content of the
gaussian time pulse in our source deconvolution,
we can examine the receiver functions for all or
part of this broad passband. Figures 2a-c show
radial receiver functions for the three stationms.
The longer period receiver functions are low pass
filtered (frequency less than 0.35 Hz) versions
of the broadband functions. The examples shown
in Figure 2a-c were chosen because our inversion
technique gave excellent fits to these data and
because they are clear simple cases of the
frequency-dependent effects we seek to examine.
Data from other back azimuths at these sites are
of varying quality, but the derived results are
consistent with the examples discussed here.

The shear velocity models determined by inver-
ting the broadband radial receiver functions are
shown in Figures 3a-c. Only the portions of the
models between 30 and 60 km depth are shown to
highlight the labeled CMB region. Discussions of
the entire crustal model for each are published
elsewhere (Owens et al., 1984; Owens, 1985).
Arrival times for primary (Ps) and multiple
converted phases for the depth ranges shown in
Figure 3 are indicated on Figure 2. This clearly
shows that increases in long-period amplitudes
relative to broadband amplitudes in the receiver
functions, when they exist, are associated with
converted phases from the CMB under these sites.

This relationship 1s best illustrated at RSNY
(Figure 3c) where both the long-period Ps phase
and crustal reverberations have larger amplitudes
than the corresponding broadband arrivals.

Except for slight complications due to midcrustal
structure, the long-period receiver function at
RSNY looks like a simple layer aover a half-space
response (see, for example, Langston, 1979).

This long-period response could be modeled by a
46 km thick crust with an average shear velocity
of 3.8 km/s. Inverting the broadband receiver
function produces a different picture of the CMB.
The lack of large amplitude converted phases in
the broadband response required a smoother CMB
region. The transition from crustal velocities
to upper mantle velocities occurs over a depth of
10 km beginning at just over 41 km.



In an earlier study, Owens et al. (1983)
showed that linear velocity transit{ons produce
similar frequency-dependent converted phase
amplitudes while a first-order velocity discon-
tinuity produces frequency-independent arrivals.
This behavior has a simple physical explanation.
The wavelengths of the long-period waves are
greater than the thickness of the transition zone
and therefore are affected only by the net
velocity contrast across the zone, i.e. the tran-
sition zone appears to be a first-order boundary
at sufficiently low frequencies. However, higher
frequencies are sensitive to the detalils of the
transition zone due to their shorter wavelengths,
so the zone can have an influence on the ampli-
tudes of converted phases on the broadband
receiver functionms.

This relationship between relative amplitudes
of long-period and broadband converted phases and
the nature of the CMB appears to be supported at
our other stations, but not without complications.
At RSON, where the CMB appears to be about 2-4 km
thick with nearly a first-order discontinuity at
42 km depth, the Ps conversion is not frequency-
dependent. However, despite the "sharpness' of
the CMB beneath RSON, the CMB multiples are not
discrete pulses and the long-period to broadband
comparison does not unambiguously show the expec-
ted frequency independence. LAN, a broadband
station located in the Mohave Block of southern
California, does contain discrete multiples for a
sharp CMB of about 2 km thickness and 0.8 km/s
shear velocity contrast (Wilhelm, 1984). Their
absence at RSON may be due to interference with
arrivals from depths of 30 to 38 km, or to
lateral variations in the CMB which effectively
destroy the multiples.

The CMB is also a thick transition zone
beneath RSCP (Figure 3a). The zone extends from
38-51 km depth, but the velocity increase occurs
in two distinct steps (labeled T1 and T2 on
Figure 3a). This shear velocity structure corre-
lates closely with a P-velocity profile derived
from refraction data (Prodehl et al., 1984; Zandt
et al., submitted to Tectonophysics). Owens et
al. (1984) obtained error bars for their velocity
determinations of between *.10 and .16 km/s which
means the smaller scale structure of this zone is
not well resolved. This broad transition zone
gives rise to a frequency-dependent Ps arrival at
RSCP (Figure 3a) very similar to that at RSNY,
although the amplitudes of the crustal reverber-
ations are not enhanced at longer periods.
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Discussion

In the previous section, we presented observa-
tional evidence of the relationship between fre-
quency-dependent converted phase amplitudes in
teleseismic receiver functions and the nature of
the CMB beneath the recording site. The emer-
gence of prominent long-period phases at stations
where inversion of the broadband receiver func-
tions indicates the existence of a thick crust-
mantle transition zone agrees with our physical
intuition concerning the effects of velocity
transitions. However, only the RSNY receiver
function behaves as expected for both primary and
reflected converted phases if this phenomena was
solely responsible for the observed effects. As
a starting point for examining other effects and
to provide some direct geologic input into the
nature of the continental CMB, we computed a syn-
thetic receiver function for the Ivrea-Verbano
zone using the model presented by Hale and Thomp-
son (1982) based on the velocities measured by
Fountain (1976). The lvrea-Verbano zone, Italy
is thought to be a section of the lower crust and
upper mantle exposed by the Alpine Orogeny
(Fountain, 1976). Discussions of the petrology
of this zone can be found in these references.
The model consists of a homogeneous crust over-
lying the Ivrea zone (Figure 3d). Shear veloci-
ties were calculated assuming Hale and Thompson's
(1982) P-velocities and a Poisson solid. The
crustal thickness was fixed so arrival times for
converted phases from the Ivrea zone would agree
with observed arrival times in Figures 2a-c.

The resulting Thomson-Haskell synthetic
receiver function is remarkably similar to the
observed data in many respects (Figure 2d). The
Ivrea synthetic has Ps and multiple converted
phases that show frequency-dependent behavior
similar to that at RSNY and, to a lesser extent,
RSCP. A model which smooths the Ivrea Zone to
include only two layers between 41 and 46 km
depth will produce a synthetic response that does
not differ from Figure 2d at a level we believe
would be significant in noise-contaminated data.
We conclude that broadband teleseismic waveforms
are only sensitive to average trends in the CMB
velocity profile and are not biased by velocity
laminations thinner than about a kilometer. This
highlights the interesting complementary nature
of this method and near-vertical reflection
profiling which can demonstrate the existence of
thin laminations, but cannot recover average
velocity information in the deep crust.



The petrology of the Ivrea Zone suggests that
in this case, the CMB consists essentially of
high-velocity lower crustal (mafic) rocks separ-
ated from mantle (ultramafic) rocks by a sharp
(<1 km) boundary. Similarly, at RSCP and RSNY,
our derived CMB models consist of layers of shear
velocity 4.0-4.3 km/s overlying layers with velo-
cities greater than about 4.5 km/s. If we ident-
ify mantle rocks with velocities above about 4.5
km/s, then the crust-mantle transition 1is as
sharp (<3 km) at RSCP and RSNY as it appears in
our RSON results. This sharper crust-mantle
boundary 1is labeled "M" on Figures 3a-d. From
this observation, we suggest that the frequency
effects observed in Ps and multiple converted
phases appear to be indicative of the presence of
high-velocity lower crustal material forming a
CMB zone. There is good evidence of similar
lower crustal structures in seismic refraction
data (Deichmann and Ansorge, 1983) although we
are not aware of any work incorporating such
information into models of crustal evolution.

Despite our enlightening results in probing
the CMB, the single station teleseismic waveform
method is hampered by some fundamental drawbacks,
such as the assumption of lateral homogeneity.
Overcoming the limitations in our knowledge of
the effects of realistic earth structures on
teleseismic receiver functions requires addi-
tional effort on several fronts. The foremost
need is implementation of techniques capable of
modeling the impact of laterally-varying
structure on teleseismic receiver functionms.

Most seismic reflection evidence indicates
that the fine scale structure of the CMB can vary
considerably over short lateral distances (Hale
and Thompson, 1982; Oliver et al., 1983). Our
receiver functions sample the CMB over lateral
distances approximately equal to the CMB depth.
In our present examples, this is about 40 km.
Since the CMB structure almost certainly varies
over this distance, we must be able to quantify
the possible effects of this variation on our
broadband waveforms. If these lateral variations
are being mapped into our vertical velocity
structure, it is important that we document the
extent of this bias through model studies.

The ability of receiver function analysis to
delineate vertical velocity structure with very
little lateral averaging is a unique advantage it
has over other seismic methods of probing the
continental lithosphere. We have shown that this
method is sensitive to the structure of the CMB.
The broad bandwidth of the RSTN data presents the
opportunity to examine the frequency-dependent



effects of the CMB on teleseismic receiver func-
tions. We have shown that the method is useful
in modeling this structure and may fill an impor-
tant niche among seismic techniques available to
study the continental CMB. Some deficiencies in
the single station teleseismic waveform modeling
method could be alleviated by the use of arrays
of broadband instruments. In the future, appli-
cation of this method to such arrays deployed
through the PASSCAL-IRIS initiative may make
possible much more detailed shear wave velocity
maps of the continental lithosphere.
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FIGURE CAPTIONS

Fig. 1. Physiographic map of North America
showing the RSTN.

Fig. 2. Radial receiver functions for the 3 RSTN
stations and the Ivrea-Verbano zone model. Broad-
band and longer-period traces are shown for each
site. All amplitudes are normalized relative to
the direct P-wave amplitude (at time=0). Arrival
times for phases from the models shown in Figure
3 are shown above the RSTN data.

Fig. 3. Shear velocity models for only the CMB region. Cases a-c were
obtained by inverting the receiver functions shown in Figures 2a-c, respec-
tively. Case d is from laboratory velocity measurements by Fountain (1976).
Velocity axis is repeated for each model, Labels are discussed in text.
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